A key step of the cell cycle is the entry into the DNA replication phase that typically commits cells to divide. However, little is known about the molecular mechanisms regulating this transition in plants. Here, we investigated the function of FBL17 (F BOX-LIKE17), an Arabidopsis thaliana F-box protein previously shown to govern the progression through the second mitosis during pollen development. Our work reveals that FBL17 function is not restricted to gametogenesis. FBL17 transcripts accumulate in both proliferating and postmitotic cell types of Arabidopsis plants. Loss of FBL17 function drastically reduces plant growth by altering cell division activity in both shoot and root apical meristems. In fbl17 mutant plants, DNA replication is severely impaired and endoreplication is fully suppressed. At the molecular level, lack of FBL17 increases the stability of the CDK (CYCLIN-DEPENDENT KINASE) inhibitor KIP-RELATED PROTEIN2 known to switch off CDKA;1 kinase activity. Despite the strong inhibition of cell proliferation in fbl17, some cells are still able to enter S phase and eventually to divide, but they exhibit a strong DNA damage response and often missegregate chromosomes. Altogether, these data indicate that the F-box protein FBL17 acts as a master cell cycle regulator during the diploid sporophyte phase of the plant.
INTRODUCTION
The typical eukaryotic cell cycle is divided into four phases: the S phase (synthesis), during which the nuclear DNA becomes replicated; the M phase (mitosis), in which sister chromatids are separated and distributed to the newly forming daughter cells; and two gap phases, G1 and G2, that separate the S and M phases. The control of the G1-to-S transition is a key step in cell cycle regulation, since cells become typically committed to divide once they replicate their DNA (Nurse, 2000; Johnson and Skotheim, 2013 ). This step is tightly regulated in all eukaryotes by various mechanisms integrating intrinsic information such as nutrient status and hormonal signals with extrinsic, environmental conditions. The major control of the G1-to-S transition is exerted by CYCLIN-DEPENDENT KINASE (CDK) activities that are regulated at multiple levels and, in particular, by posttranslational regulation of cyclin-dependent kinase inhibitors (CKIs; Murray, 2004) . In both fungi and metazoans, it is well established that CKI degradation at the G1-to-S transition releases CDK activity, which in turn is required to enter S phase.
For instance, in the budding yeast, the CKI called Sic1 can be phosphorylated by a G1 cyclin-CDK activity, and the phosphorylated Sic1 is then specifically recognized by the E3 ligase complex SCF Cdc4 (Skp1, Cdc53/CULLIN, and Cdc4, a WD40-type F-box protein), leading to its ubiquitylation and proteolysis (Schwob et al., 1994) . In mammals, there are two classes of CKIs: the Ink4 (inhibitors of Cdk4) class and the Kip/Cip family (kinase inhibitory protein/CDK-interacting protein, including p21, p27, and p57). Similar to yeast, the mammalian p27 Kip1 protein becomes unstable when cells approach S phase, and its degradation requires phosphorylation by cyclin E-CDK2 activity in order to be recognized by the SCF SKP2 (SKP2 being a leucinerich repeat-containing F-box protein; Starostina and Kipreos, 2012) . Notably, besides SCF SKP2 , other E3 ligases are also required to fine-tune p27 Kip1 protein level during the cell cycle and development.
Over the last two decades, it became evident that the basic cell cycle machinery of plants shares a number of similarities with fungi or mammals but also exhibits some unique characteristics (Inzé and De Veylder, 2006; Harashima et al., 2013) . However, despite its importance, little remains known about the molecular mechanisms of the G1-to-S transition in vascular plants (Genschik et al., 2014) . The Arabidopsis thaliana Cdk1 homolog CDKA;1, which is required for both S-phase and mitosis entry , operates independently of its dephosphorylation, indicating that the regulatory wiring of cell cycle regulation is different in plants versus yeast or metazoans (Dissmeyer et al., 2009) . However, as in other kingdoms, plant CDKA;1 activity is negatively regulated by CKIs (Verkest et al., 2005b) . So far, two classes of CKIs have been identified in (A) Relative expression levels of CYCB1;1 and FBL17 transcripts were determined by quantitative RT-PCR at different developmental stages of leaf 3 (i.e., 1-, 2-, 3-, and 5-mm leaf length). CYCB1;1 expression is strictly related to dividing cells, while FBL17 expression is maintained in more mature 2 of 16 The Plant Cell (Torres Acosta et al., 2011) ; and (2) SIAMESE-RELATEDs, named after their founding member SIAMESE, which is phylogenetically even more distantly related to metazoan Kip/Cip proteins (Churchman et al., 2006; Peres et al., 2007) . At the functional level, constitutive overexpression in transgenic plants of all KRPs tested so far could block both S and M phases, leading not only to growth retardation, including a reduction in cell number and organ size, but also to different developmental abnormalities, such as leaf serration (Verkest et al., 2005b) . Therefore, protein levels of plant CKIs must be tightly regulated. Indeed, KRP2 proteasomal degradation depends on its CDKdependent phosphorylation (Verkest et al., 2005a) , a situation reminiscent of mammalian p27 Kip1 SCF SKP2 -dependent degradation. However, the identity and role of ubiquitin E3 ligases destroying CKIs during plant development remain elusive.
Possible candidates for such ubiquitin E3 ligases have emerged recently from studies of Arabidopsis mutants deficient in cell division during gametogenesis. For instance, when RHF1a and RHF2a, two similar RING (REALLY INTERESTING NEW GENE)-finger proteins, are mutated in the rhf1a rhf2a double mutant, cell divisions during pollen and embryo sac development are severely impaired (Liu et al., 2008) . Interestingly, a reduction in KRP6 expression rescues in part the rhf1a rhf2a mutant phenotype, providing genetic evidence for a role of RHF E3s in KRP degradation during both male and female gametogenesis. Another player in cell cycle regulation during male gametogenesis is the F-box protein FBL17, as its corresponding loss-of-function mutants fail to undergo pollen mitosis II, which normally generates the two sperm cells in a mature pollen grain (Kim et al., 2008a; Gusti et al., 2009) . Genetic evidence here also supports a function of FBL17 in KRP degradation during gametogenesis, as different KRP loss-of-function mutations suppressed, at least partially, the pollen-defect phenotype (Gusti et al., 2009; Zhao et al., 2012) . However, whether FBL17 functions beyond gametogenesis is unknown at present.
Here, we investigated the regulation and function of Arabidopsis FBL17 during the diploid sporophyte life phase of the plant. While FBL17 transcripts accumulate in both proliferating and postmitotic cell types, the protein is very unstable, being itself degraded in a proteasome-dependent manner. Loss of function of FBL17 slows plant growth by decreasing cell proliferation and also suppresses endoreplication. Moreover, fbl17 mutant plants show increased stability of the KRP2 protein, known to switch off CDKA;1 kinase activity, and resemble the cdka;1 null mutant in many respects. However, the fbl17 mutant cells that are able to enter S phase and divide exhibit missegregating chromosomes and a strong DNA-damage response. Overall, our results support a function of FBL17 as the main F-box protein involved in SCF-dependent regulation of the cell cycle at all stages of plant development.
RESULTS

FBL17 Is Expressed in Different Plant Organs and Is Regulated at the Posttranslational Level
Previous studies reported that FBL17 is positively regulated by the transcription factor E2FA (Gusti et al., 2009 ) and repressed by RBR1 (RETINOBLASTOMA-RELATED1; Zhao et al., 2012) , indicating that its expression is under cell cycle control, in particular during the progression toward S phase. To get more insight into the regulation of FBL17, we examined its expression in dividing cells versus postmitotic cells ( Figure 1A ). Arabidopsis leaves were harvested at different developmental stages, ranging from very young leaves with high cell division activity to fully expanded leaves, in which cell division activity is scarce and most cells are differentiated. As expected, the expression of CYCB1;1 monitored by quantitative RT-PCR was correlated to cell division activity. By contrast, although FBL17 expression was enriched in very young leaves, its transcript remained significantly expressed even in fully expanded leaves at a stage when the CYCB1;1 transcript was downregulated. We next cloned an 868-bp fragment of the FBL17 promoter sequence upstream of the GUS (b-glucuronidase) gene and selected 12 transgenic lines with a single reporter construct. Histochemical staining of the plants at different developmental stages confirmed that FBL17 expression was enriched in proliferating tissues such as in young leaves, the primary root tip, and lateral leaves. The bar graph depicts expression level mean values of the indicated transcripts of one independent replicate (6SE of the technical triplicate). The experiment was repeated at least three times giving the same results. (B) to (D) FBL17 expression pattern revealed using pFBL17:GUS promoter-reporter fusion lines. Representative images show the histochemical localization of GUS activity in 20-d-old Arabidopsis plants stained for 2 h (B); root primordia (top panel) and primary root apical meristem (bottom panel) (C); and young leaf (a) exhibiting strong GUS activity in stomata cells (b, arrows) and trichome neighboring cells (c and d, arrowheads) in its dividing area, whereas such activity is absent in its differentiated area (e) (D). Bars are as indicated.
(E) and (F) FBL17-GFP fusion proteins expressed under the control of its native promoter (E) or under the control of the constitutive CaMV 35S promoter (F) are stabilized in root cell nuclei treated for 6 h either with 100 mM MG132 (top panels) or with 25 mM MLN-4924 (bottom panels). Roots were counterstained with propidium iodide. Fluorescence images were obtained by confocal microscopy performed on roots of 7-d-old seedlings. Bars = 50 mm. , leaf areas were scored (C). The bar graph depicts mean leaf areas (6SD) of five independent replicates based on five leaf pairs per genotype, except for krp2-3 krp5-1, for which three replicates were performed, and for pFBL17:FBL17i lines, for which two pairs were analyzed in two independent replicates. According to Student's t test, * and # indicate P $ 0.05 and ** and ## indicate P # 0.05 when compared with Col-0 and fbl17-1 bulked data, respectively. Bars in (B) = 1 cm.
(D) to (F) fbl17-1 and fbl17-2 mutants compared with fbl17-16 heterozygous plants grown on soil for 7 weeks (D) and 11 weeks (E). FBL17 loss-offunction mutants eventually flower and produce short siliques but are fully sterile (F). Bars = 1 cm.
(G) Immunoblot analysis using an antibody against endogenous KRP2 (@KRP2) revealed strong accumulation of the protein in the fbl17-1 null mutant and pFBL17:FBL17i lines. Coomassie blue staining was used as a loading control (CB). Three independent replicates were performed, yielding similar results.
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The Plant Cell (A) and (B) Using flow cytometry analyses, nuclear DNA contents were measured from cells of cotyledons (A) and first pairs of leaves (B) of 20-d-old plants of the indicated genotype grown under in vitro conditions. The values represent average frequencies of the observed ploidy levels (or C, for chromatin value) of one experiment; error bars indicate SE. For each ploidy measurement, the analyses were performed on five samples of 2 to 3 bulked pairs of leaves/cotyledons per genotype, except for fbl17-1 cotyledons, for which one sample of ;10 pairs was scored. Flow cytometry experiments were repeated three times with the leaf samples and two times with the cotyledons, giving similar results.
(C) A closer examination of the ploidy levels in fbl17 mutants revealed broader 2C and 4C DNA content peaks, suggesting intermediary DNA content material in this genotype.
(D) Observations using scanning electron microscopy analyses show normal branched trichomes in wild-type and fbl17-16 heterozygous plants, while strong reductions in trichome growth and branching are observed in the fbl17-1 mutants and RNAi lines. Images were taken from the adaxial surface of leaf 1 or 2 of 20-d-old plants of the indicated genotypes grown under in vitro conditions. Bars = 100 mm.
(E) and (F) The nuclear marker H2B fused to YFP was introduced into wild-type and fbl17-1 mutant backgrounds. Based on confocal microscopy observations of trichome nuclei from leaf 1 or 2 of 13-d-old in vitro-grown H2B-YFP transgenic seedlings (F), the average nucleus-integrated YFP intensity was quantified. The bar graph depicts average nucleus-integrated YFP intensity (6SE) from one replicate; the experiment was repeated once yielding similar results. For each replicate, ;10 trichomes were measured per genotype. Bars in (E) = 100 mm.
root meristems (Figures 1B and 1C) . Notably, GUS expression was enriched in stomatal and trichome neighboring cells of the proliferating part of young leaves ( Figure 1D ). Although strongly reduced, pFBL17:GUS expression could still be detected in more mature leaves ( Figure 1B ). Since F-box proteins are themselves unstable proteins degraded by the proteasome (Galan and Peter, 1999) , we tested the accumulation of FBL17 protein. We engineered two different constructs, in which green fluorescent protein (GFP) was fused to the C terminus of FBL17 and expressed either under the control of 868 bp of the native promoter (pFBL17:FBL17-GFP) or under the control of the strong and constitutive cauliflower mosaic virus (CaMV) 35S promoter (35S:FBL17-GFP). Importantly, transgenic lines expressing the pFBL17:FBL17-GFP construct fully complemented the fbl17-1 seed-abortion phenotype (Gusti et al., 2009) , indicating that the FBL17-GFP fusion protein is functional.
Microscopy analyses revealed that the FBL17-GFP signal was faint and restricted to a few cells in the root meristem and was not significantly increased in 35S:FBL17-GFP transgenic lines ( Figures 1E and 1F , left panels), despite a high transcript accumulation of the transgene ( Figure 1G ), suggesting that the FBL17-GFP protein is unstable. Hence, after MG132 treatment, which blocks the activity of the proteasome, we observed a clear accumulation of FBL17-GFP in the nuclei of most cells at the root tip, and this effect was even stronger in 35S:FBL17-GFP lines (Figures 1E and 1F, top panels) . In this context, we investigated whether SCF-mediated ubiquitylation is required for FBL17 turnover by taking advantage of the MLN-4924 drug, a selective inhibitor of the NEDD8 (RUB1)-activating enzyme that inactivates Cullin-RING E3 ubiquitin ligases (CRLs) by blocking cullin neddylation in both mammals and plants (Hakenjos et al., 2011) . Interestingly, upon MLN-4924 treatment, FBL17-GFP fusion proteins were efficiently stabilized in root tip cells (Figures 1E and 1F, bottom panels) . These results reveal that FBL17 is regulated at the posttranslational level by a process requiring ubiquitylation by an SCF-type E3 ligase to restrict tightly the accumulation of the protein in plant cells.
The Very Few Viable fbl17 Homozygous Mutants Are Severely Impaired in Growth and Remain Sterile
It was previously shown that homozygous mutant plants for the PSTAIRE kinase CDKA;1 could be recovered at low frequencies . The presumed lack of KRP degradation in FBL17 loss-of-function mutants should block CDKA;1 activity, suggesting that these mutants might exhibit a similar phenotype to cdka;1 mutants. To test this hypothesis, we genotyped seed progeny of the two heterozygous fbl17-1 and fbl17-2 mutant alleles either grown in vitro or directly sown on soil. For both alleles, only ;1% homozygous mutant plants could be identified (Supplemental Table 1A ); these mutants showed no detectable FBL17 expression at the transcript level ( Figure 2A ; Supplemental Figure 1 ). These plants grew slowly compared with wild-type Columbia-0 (Col-0) or fbl17-16 heterozygous plants and produced leaves of smaller size ( Figures 2B to 2D ). The reduction in leaf size and the appearance of serrated leaves in fbl17 null mutants is a phenotype also observed in KRP2-overexpressing plants ( Figure 2B ; De Veylder et al., 2001) . By contrast, plants lacking the expression of KRPs exhibited leaves of slightly larger size, as illustrated for the krp2-3 krp5-1 double mutant (Figures 2B and 2C) . Despite their growth retardation phenotype, fbl17 mutant plants were able to flower but remained fully sterile (Figures 2E and 2F) . A closer examination by scanning electron microscopy revealed that, in these mutants, anthers and filaments remained smaller than those in the wild type and failed to produce pollen (Supplemental Figure 2A) . This phenotype correlates with FBL17 expression in these tissues (Supplemental Figure 2B) .
As the isolation of fbl17 homozygous mutants is very labor intensive due to their low frequency, we also sought to establish transgenic FBL17 knockdown lines using RNA interference (RNAi). A hairpin of FBL17 was expressed under the control of either the 35S promoter (35S:F17i lines) or the endogenous promoter (pF17:F17i lines; Supplemental Figure 3A ). Over 20 T1 transformants for each construct were analyzed based on reduced growth, and most of them showed a reduction in FBL17 expression (Supplemental Figure 3B) . Several of these plants also presented serrated leaves and partial sterility. While this phenotype was still apparent in the T2 progeny, it could not be maintained throughout the generations due to the loss of FBL17 gene silencing. Therefore, most of the analyses had to be performed with fbl17 null alleles ( Figure 2A 
FBL17 Loss of Function Leads to the Overaccumulation of KRP2 Protein and Blocks Endoreplication
The cyclin-dependent kinase inhibitor protein KRP2 inhibits CDKA;1 activity and was previously shown to be degraded by the proteasome (Verkest et al., 2005a) . Its strong overexpression leads to reduced growth and the appearance of serrated leaves, Relative expression levels of CYCD3;1, RBR1, E2FA, CYCB1;2, and CDKB1;1 transcripts in the first pair of leaves of 20-d-old in vitro-grown plants of the indicated genotype were determined by quantitative RT-PCR. The bar graph depicts expression level mean values of the indicated transcripts of one independent replicate (6SE of the technical triplicate). The experiment was repeated three times, giving the same results.
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The Plant Cell Figure 2G ). Strong accumulation of KRPs also suppresses endoreplication in Arabidopsis leaf cells (De Veylder et al., 2001; Schnittger et al., 2003) ; accordingly, we examined the ploidy levels in the cotyledons and the first pairs of leaves of 20-d-old wild-type and mutant plants by flow cytometry (Figures 3A to  3C ). Interestingly, FBL17 loss of function almost entirely suppressed nuclei of ploidy levels above 4C DNA content. This effect was even stronger than in plants overexpressing KRP2 from the CaMV 35S promoter (referred to as GFP-KRP2 OE ). In addition, we noted that the 2C and 4C peaks in the fbl17-1 mutant were not as sharp as observed in wild-type plants and that DNA with intermediate ploidy levels was detected ( Figure  3C ). Moreover, we analyzed trichomes of fbl17 mutants, as these cells undergo multiple rounds of endoreplication, which is essential for their cell fate, cellular growth, and branching (Bramsiepe et al., 2010) . While single cell trichomes in wild-type Arabidopsis usually have three to four branches, all trichomes in fbl17-1 null and RNAi lines showed an altered level of branching ( Figure 3D ). These trichomes were very small in size and remained either not branched or only single-branched. To confirm that the fbl17 mutant trichome phenotype correlates with a reduction in endoreplication, we introduced the chromatin marker H2B-YFP (histone 2B-yellow fluorescent protein) in these lines ( Figure 3E ). Fluorescence microscopy revealed that, as expected, wild-type plants expressing this marker display a significant amount of the nuclear H2B-YFP protein correlated with the increased amount of chromatin in the fully differentiated trichomes. By contrast, the fluorescence signal was reduced by half in fbl17-1 single-branched trichomes and was even lower in nonbranched trichomes ( Figure 3F ), indicating that endoreplication was compromised in these mutant cells. From these data, we conclude that FBL17 loss of function blocks entry into endoreplication, most likely by a failure in degrading KRP proteins.
Next, we wondered whether the phenotype of fbl17 might essentially reflect the inability of the mutants to destroy KRP proteins. It was previously shown that several single krp mutants could at least partially rescue the pollen cell cycle arrest of FBL17 loss of function (Gusti et al., 2009; Zhao et al., 2012) . Thus, different combinations of mutations between fbl17-1 and krp mutants were generated. Extensive genotyping of the progeny of the fbl17-1 heterozygous mutation combined with multiple krp homozygous mutations revealed only a slight increase in the ratio of fbl17-1 homozygous mutant plants (Supplemental Table 1B ). However, we failed to identify fbl17-1 plants for which growth retardation, leaf serration, or sterility was suppressed. As the Arabidopsis genome encodes seven KRP proteins, it is possible that the suppression of the fbl17 phenotype requires the genetic removal of more KRPs, potentially all of them. It is also possible that KRPs are not the only substrates of SCF FBL17 and that the accumulation of other substrates, likely cell cycle regulatory proteins, could explain at least part of this phenotype.
FBL17 Loss of Function Dramatically Reduces Cell Proliferation in Leaves and Roots, but Cell Specification Is Maintained
To get more insight into the cellular defects of this mutant, we monitored by quantitative RT-PCR the expression of a selected set of cell cycle genes in the first pairs of leaves of 20-d-old wildtype and fbl17-1 mutant lines (Figure 4) . Interestingly, we found that the transcript levels of genes involved in S phase (such as CYCD3;1, RBR1, and E2FA) and genes involved in mitosis (such as cyclin CYCB1;2 or CDKB1;1) were significantly increased in fbl17-1 null and RNAi lines. The strong upregulation of these genes (especially the mitotic genes) was not expected, and this was also not observed in strong KRP2-overexpressing plants.
Next, we examined more precisely the adaxial lamina surface of the first pair of leaves of 20-d-old wild-type and fbl17 mutant lines ( Figure 5A ). The reduction in leaf size correlates with a strong reduction in cell number, which is in agreement with FBL17 acting as a positive regulator of cell proliferation. Scanning electron microscopy revealed that while wild-type leaf epidermis contains typical pavement cells with a jigsaw puzzlelike pattern and well-distributed mature stomata, this pattern was strongly altered in FBL17 loss-of-function leaf epidermis ( Figure 5B ). In the fbl17-1 mutants, the size of the pavement cells was highly variable. Unlike in the wild type, where the cell size follows a normal distribution, two peaks can be observed in the fbl17-1 mutants with a high proportion of cells with very small area (i.e., <1000 mm 2 ; Figure 5A ). Moreover, we observed in some epidermal areas an excess of stomata that eventually clustered ( Figure 5B ). Measurements on the adaxial leaf surfaces revealed that stomatal density (number of stomata per mm 2 ) was indeed increased in fbl17-1 compared with wild-type leaves ( Figure 5A ). The pTMM:GUS-GFP marker (Nadeau and Sack, 2002) is primarily expressed in the stomatal cell lineage of 
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The Plant Cell (A) Kinetic analysis of the primary root elongation of the fbl17-1 mutant. Seedlings of the indicated genotypes were grown on vertical plates, and digital images were daily taken for further root length measurements. For each replicate, the analyses were performed on 10 seedlings per genotype, except for fbl17-1, for which 5 to 10 primary roots were scored. Shown are data from one replicate. The experiment was repeated twice, yielding similar results.
(B) Using flow cytometry analyses, nuclear DNA contents were measured from root cells of 20-d-old plants of the indicated genotype grown under in vitro conditions. The values represent average frequencies of the observed ploidy (or C) levels of one experiment; error bars indicate SE. For each ploidy measurement, the analyses were performed on three samples of 2 to 4 bulked root systems per genotype, except for fbl17-1, for which one sample of 10 bulked root systems was scored. This experiment was repeated one time, yielding similar results.
SCF FBL17 Is a Key Cell Cycle Regulator 9 of 16 developing epidermis, and a higher proportion of cells expressed this marker in the fbl17 mutant background compared with the wild-type background ( Figure 5C ). However, taking into account that the overall epidermal cell density was also significantly increased in fbl17-1, the stomatal index [=stomatal density/(stomatal density + epidermal cell density)] was similar to that of the wild type or even slightly decreased ( Figure 5A ). In addition, once differentiated, stomatal cell fate in fbl17-1 was not affected, as illustrated by stomata properly expressing the E1728 mature guard cell identity marker ( Figure 5D ). We then investigated how FBL17 loss of function affects primary root growth and development. As with the situation in leaves, primary root growth was severely compromised in the fbl17-1 mutant ( Figure 6A ). In addition, endoreplication was drastically reduced in the root of the mutant line and, reminiscent of the observation in leaves, mutant root cells also exhibit a notable proportion of intermediary 2-4C DNA content ( Figure  6B ). A closer examination of mutant root tips revealed important cell disorganizations, with the early exhibition of differentiated hair cells at close proximity to the root meristem. However, the use of root-specific developmental markers indicates that cell identity was not affected, as the expression of genes for the GRAS-type transcription factors SHORT-ROOT (SHR) and SCARECROW (SCR), involved in root radial patterning and the maintenance of the root stem cell niche (Helariutta et al., 2000) , could be detected ( Figure 6C ). Although we also clearly detected in the fbl17-1 mutant the expression of pWOX5:GFP (in which GFP expression is driven by the promoter of WUSCHEL-RELATED HOMEOBOX5), a specific marker of the quiescent center (QC; Blilou et al., 2005) , this signal was expanded ( Figure 6C ; Supplemental Figure 4A ), suggesting supernumerary QC cells through either the division of QC cells or the adoption of QC fate by the neighboring cells. Similar results were obtained using the QC-specific promoter trap line QC46 (Sabatini et al., 1999; Supplemental Figure 4B ). The enlarged QC might be a compensatory mechanism that attempts to maintain a functional stem cell niche in the light of a general reduction of cell division activity in fbl17 mutants. Altogether, these data show that FBL17 is required to maintain normal root growth through the regulation of root meristem activity.
FBL17 Loss of Function Impairs DNA Replication and Affects Proper Chromosome Segregation
Since we observed a strong upregulation of genes promoting both S phase and mitosis (Figure 4) , we further characterized the cell cycle status of fbl17 mutant cells in the root meristem. To detect cells actively replicating their DNA, we used 5-ethynyl-29-deoxyuridine (EdU), a nucleoside analog of thymidine (Bass et al., 2014) . Strikingly, despite the fact that the fbl17 meristematic root zone appears short with fewer cells, quite a few of them showed EdU labeling, indicating that they entered into the S phase ( Figure 7A ). Moreover, in addition to the higher frequency of 2-4C DNA content observed in fbl17 root cells compared with the wild type ( Figure 6B ), the late apparition of synchronized S phase in adjacent cells (Hayashi et al., 2013) of fbl17 root tips during the EdU pulse-labeling experiment ( Figure  7A , 5 and 8 h) points to a delay or even a blockage of DNA replication in those cells.
DNA replication stress activates cell cycle checkpoints and, in particular, induces the expression of the DNA damage kinase ATR (ataxia telangiectasia mutated and Rad3-related) (Culligan et al., 2004; Harper and Elledge, 2007; Cools and De Veylder, 2009 ) as well as the expression of another checkpoint kinase, WEE1, known to be induced upon the cessation of DNA replication (De Schutter et al., 2007) . Interestingly, we could observe an upregulation of those two genes in fbl17 mutants ( Figure 7B ). CYCB1;1, which is induced upon replication stress (Culligan et al., 2004 (Culligan et al., , 2006 , was also upregulated in the fbl17 mutant. This was further confirmed using the pCYCB1;1:Dbox-GUS marker (Donnelly et al., 1999) . While GUS expression was visible only in the shoot and root meristems as well as in young leaves of wild-type plants, the expression pattern of the transgene was broader in fbl17-1 mutant plants exhibiting GUS staining also in more mature leaves, stems, and beyond the meristematic zone of the root (Supplemental Figure 5 ). This suggests that loss of FBL17 function activates mechanisms of the G2-phase checkpoint regulation, which might result in some cell arrests in G2 phase. Moreover, we observed that BRCA1 (BREAST CANCER SUSCEPTIBILITY1), which responds to and is required for efficient DNA repair of double-strand breaks (Lafarge and Montané, 2003; Reidt et al., 2006) , was also induced in the fbl17 mutant ( Figure 7B ). Altogether, this suggests not only that normal DNA replication is compromised in the fbl17 mutant but also that other events occurring during the G2 phase or mitosis are altered and could result in genome instability. To investigate this issue, we took advantage of the fbl17-1 mutant line expressing the H2B-YFP chromatin marker. Imaging of chromatin showed that, in this mutant, the nuclear structure was overall altered, with small nuclei of abnormal shapes in comparison with the wild-type plant ( Figure 7C; Supplemental Figure 6 ). Unlike yeast and animal cells, which, if failing to replicate properly their DNA do not enter into mitosis due to an efficient S-phase checkpoint, in the fbl17-1 root meristem we were able to observe several (C) Expression patterns of root cell fate markers in wild-type and fbl17-1 mutant backgrounds. Shown are confocal laser scanning images of primary root tips of 10-or 18-d-old (as indicated) seedlings expressing SHR-GFP, pSCR:YFP, and pWOX5:GFP. Roots were counterstained with propidium iodide (red signal). As shown previously (Welch et al., 2007) , in wild-type Arabidopsis roots, SHR-GFP fusion proteins localize to cells of the stele and in the immediate-adjacent tissues to the stele, including the endodermis and the QC, while pSCR:YFP is expressed in endodermal cells and the QC. As SHR/SCR root functions are required for stem cell maintenance and cortex/endodermis differentiation, cell identity appears to be maintained in fbl17-1 mutant root, while the radial patterning is slightly altered. Using the QC-specific marker pWOX5:GFP, it was shown from different individuals that fbl17-1 primary root tips exhibit supernumerary cells expressing the pWOX5:GFP marker. Bars = 50 mm.
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The Plant Cell (A) Observation of nuclei undergoing DNA replication in Arabidopsis Col-0 and fbl17-1 mutant primary root tips. Ten-day-old seedlings were incubated for 90 min in MS medium containing 10 mM EdU before root tips were observed by confocal microscopy either directly (time 0) or after further culture in MS liquid (5 and 8 h). To clearly distinguish cell layers, roots were counterstained using Calcofluor. Despite the obvious occurrence of DNA replication in fbl17-1 root cells revealed by EdU incorporation, synchronized S phase in adjacent cells (double-headed arrow and closeup view), easily seen in wildtype root tips (Hayashi et al., 2013) , was barely observed in fbl17-1. Bars are as indicated. (C) In mitotic root cells, the nuclear marker H2B-YFP introgressed into wild-type (left panels) and fbl17-1 mutant (right panels) backgrounds revealed abnormal divisions of some mutant cells, exhibiting chromosome bridges (arrows) or micronucleus formation (arrowheads). In total, 32 primary roots of fbl17 mutants expressing the H2B-YFP marker were analyzed; 10 of them did not show any mitotic figure, while 22 mitosis events were scored in the remaining plants. Out of these 22 mitosis events, 9 presented lagging chromosomes and/or anaphase bridges. In comparison, among the 20 wild-type root meristems expressing the H2B-YFP marker analyzed, up to 4 mitosis events per root were generally found, and none of the 42 mitosis events observed showed abnormalities. These results indicate that the number of mitosis events occurring in fbl17 root meristems is not only reduced, but when cells divide, ;40% of them exhibit abnormal chromosome segregation. Bars are as indicated.
mitotic divisions ( Figure 7C ; Supplemental Movies 1A and 1B). However, compared with normal mitotic figures of the wild-type root meristems ( Figure 7C ), we noted that chromosome segregation was abnormal in some fbl17 cells, with the presence of lagging chromosomes or anaphase bridges ( Figure 7C ). Timelapse recordings of cell division in fbl17-1 root meristems further supported chromosome missegregation and even micronucleus formation, supporting the evidence of aneuploidy (Supplemental Movies 1A and 1B). Most likely as a consequence of genome instability occurring in those mutant cells, propidium iodide staining of root tips revealed an incidence of cell death ( Figure 7D ).
DISCUSSION
FBL17 Is the Main Arabidopsis F-Box Protein Involved in Cell Cycle Regulation and Shares Some Functional Similarities with the Mammalian SKP2
In this work, we identified FBL17 as an essential Arabidopsis F-box protein required to maintain normal cell proliferation at all developmental stages investigated. In many respects, FBL17 mirrors the mammalian F-box protein SKP2, which, as part of an SCF ubiquitin E3 ligase complex, targets several cell cycle regulatory proteins (Frescas and Pagano, 2008) . For instance, transcription of mammalian SKP2 is cell cycle regulated, being induced by the transcription factor E2F (Zhang and Wang, 2006) . Similarly, Arabidopsis FBL17 expression is increased during S phase in partially synchronized Arabidopsis cells (Menges et al., 2003) , and the gene is induced by E2FA/DPA (Gusti et al., 2009) and repressed by RBR1 . Mammalian SKP2 protein is also regulated by the APC/C ubiquitin ligase, triggering its proteasome-dependent degradation (Bashir et al., 2004) . Our work also demonstrated posttranslational regulation of Arabidopsis FBL17, although the E3 ubiquitin ligase involved in this process is unknown at present. Finally, SCF SKP2 and SCF FBL17 promote the degradation of animal and plant CKIs, respectively (Yu et al., 1998; Carrano et al., 1999; Sutterlüty et al., 1999; Tsvetkov et al., 1999; Kim et al., 2008a; Gusti et al., 2009; Zhao et al., 2012; this work) . Mammalian SKP2, however, not only degrades negative regulators of the cell cycle but also positive regulators such as the E2F1 transcription factor and the chromatin licensing and DNA replication factor 1 (Cdt1; Li et al., 2003) . Despite such an important repertoire of protein targets, mice that are deficient in SKP2 function are still viable, although with an overall reduced body size attributed to the lack of CKI protein degradation . The viability of the mutant most likely results from the action of other classes of ubiquitin E3 ligases that redundantly target several of these cell cycle substrates. For instance, in mammalian cells, the RINGfinger protein KPC1 (Kip1 ubiquitylation-promoting complex1) promotes the degradation of p27 Kip1 in the cytoplasm in a phosphorylation-independent manner during G1 phase (Kamura et al., 2004) , while the CRL4 Cdt2 (CUL4-DDB1-Cdt2) ubiquitin E3 ligase is in charge of p21 Cip1 turnover during S phase and also after DNA damage in both Caenorhabditis elegans and human cells (Abbas et al., 2008; Kim et al., 2008b) . CRL4 Cdt2 also ubiquitylates the chromatin licensing factor Cdt1 when it interacts on chromatin with proliferating cell nuclear antigen (Havens and Walter, 2011) .
In Arabidopsis, while the role of CUL4 in cell cycle regulation is still unclear (Marrocco et al., 2010) , our results indicate that FBL17 plays a prominent role in this process. Hence, in comparison with the rather mild phenotype observed in mice lacking SKP2 , the loss of function of Arabidopsis FBL17 appears more severe, as only a small proportion of mutants are able to complete their development through flowering and, even so, remain sterile. Although further experiments will be necessary to reveal the full repertoire of SCF FBL17 cell cycle substrates, the overall decrease in cell proliferation observed in the FBL17-deficient mutants is likely the consequence of impaired KRP protein degradation. Consistent with (D) Spontaneous cell death is revealed by propidium iodide staining in primary root tips of 12-d-old fbl17-1 mutant seedlings grown in vitro. Two independent experiments were performed, and for each, eight fbl17 null mutants were stained with propidium iodide. Out of the 16 plants, 13 showed a similar cell death phenotype, while this was never observed in wild-type or fbl17 heterozygous mutant plants. Bars are as indicated. FBL17 transcription is positively regulated by the E2FA transcription factor and repressed by RBR1 when it is not phosphorylated by CDKA;1/ CYCDs. FBL17 is also regulated at the posttranslational level by the activity of a CRL ubiquitin E3 ligase, targeting it to the proteasome. FBL17 as part of an SCF complex targets KRP proteins for degradation; their overaccumulation blocks CDKA;1 activity and, as a consequence, restrains cell division and plant growth. However, some cells in fbl17 mutants are still able to enter S phase and even to divide. This process most likely depends on E2FA, which is strongly upregulated in the fbl17 mutant. Hence, E2FA overaccumulation will induce other genes promoting the S phase as well as CDKB1, which, together with mitotic cyclins, could promote cells to divide. At present, it is unknown whether E2FA is a direct substrate of SCF FBL17 .
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The Plant Cell such a scenario, the strong KRP accumulation in fbl17, as shown for KRP2 ( Figure 2G ), is expected to downregulate CDKA;1 activity and could explain why fbl17 loss-of-function mutants resemble the cdka;1 null mutant . However, fbl17 mutants also exhibit characteristics that cannot be explained by the sole overaccumulation of KRP proteins (see below).
FBL17 Loss of Function Triggers Multiple Cell Cycle Defects and Suppresses Endoreplication
Although loss of FBL17 causes multiple cell cycle defects, our results suggest that a failure in entering and/or progressing in replication could be the primary cause of the mutant phenotype. First, this is supported by a high content of cells at G0 or G1 stage in all fbl17 tissues analyzed ( Figures 3A, 3B , and 6B) and by the reduced number of EdU-labeled S-phase cells in mutant root meristems ( Figure 7A ). Second, the high proportion of intermediate 2-4C DNA content could reflect partial DNA replication in the mutant, although we cannot exclude that this material could also correspond to multiple replication rounds of smaller genomic regions, especially those arising from abnormal cell divisions. Third, DNA replication stress induces the expression of checkpoint kinases (Harper and Elledge, 2007; Cools and De Veylder, 2009) , and such an induction was observed in fbl17 null mutants ( Figure 7B ). Finally, the most striking phenotype of fbl17 is the lack of endoreplication, a process in which cells repeatedly replicate their DNA without dividing, leading to cellular polyploidy (Breuer et al., 2010) . At the molecular level, these defects in observed replication and endoreplication might be the consequence of a failure of fbl17 mutants to degrade KRP proteins. Hence, it is known that high expression of some of these CKIs, such as KRP1 and KRP2, inhibits endoreplication in postmitotic cells, most likely by blocking S-phase CDK activity (De Veylder et al., 2001; Schnittger et al., 2003; Verkest et al., 2005a) . Consistent with this idea, our strong KRP2-overexpressing line also showed reduced endoreplication, at least in cotyledons and leaves ( Figures 3A and 3B ). However, strong KRP2-overexpressing lines neither exhibit a higher proportion of the 2-4C DNA content nor induce replication stress checkpoint genes ( Figure 7B ). Thus, the direct or indirect accumulation of other cell cycle proteins in fbl17 mutants might explain the stronger phenotype of these plants. Indeed, the upregulation of numerous cell cycle genes in fbl17 was not expected and was never observed in strong KRP2-overexpressing plants (Figure 4 ). Among these genes, E2FA, for which expression is strongly induced in fbl17, is of particular interest. Hence, while moderate expression of E2FA promotes endoreplication, strong ectopic overexpression of E2FA deregulates both cell proliferation and endoreplication (De Veylder et al., 2002) . Moreover, a recent work suggests that E2FA in complex with RBR1 (also induced in fbl17) prevents entry into endoreplication in proliferating cells (Magyar et al., 2012) . It will be interesting to test whether E2FA is a direct target of FBL17 (Figure 8 ), a situation that would be reminiscent of mammalian SKP2 . In such a scenario, E2FA accumulation in the absence of FBL17 would trigger the activation of a number of genes promoting S-phase entry and also the activation of CDKB1;1 (Boudolf et al., 2004) , which, if associated with mitotic cyclins, could promote some cells to divide. However, at least in the root, those cells entering mitosis exhibit abnormalities such as chromosome missegregation that would lead to genome instability and the activation of cell cycle checkpoint responses. Hence, FBL17 loss-of-function mutants exhibit strong induction of genes responding to both DNA replication stress, such as ATR1, WEE1, and CYCB1;1 (Culligan et al., 2004; De Schutter et al., 2007) , and DNA double-strand breaks, such as BRCA1 (Lafarge and Montané, 2003; Reidt et al., 2006) . Further experiments will be necessary not only to reveal the full repertoire of SCF FBL17 substrates but also to elucidate whether this ubiquitin E3 ligase participates only in cell cycle regulation or is also involved in processes more directly linked to the maintenance of genome stability.
METHODS
Plant Materials
All Arabidopsis thaliana T-DNA insertion lines used in the study are described in Supplemental Methods. Primers used for PCR-based genotyping of those lines are listed in Supplemental Table 2 . The generation of transgenic lines and primers (Supplemental Table 3 ) designed for this purpose is described in Supplemental Methods.
Plant Growth Conditions
For in vitro culture conditions, seeds were surface-sterilized using the ethanol method, sown on MES-buffered Murashige and Skoog (MS) medium containing 13 MS salts (Duchefa), 0.8% or 1% (w/v) agar (Fluka), and 1% (w/v) sucrose, pH adjusted to 5.7 with KOH, in the presence of a selective agent when appropriate. Plated seeds were stratified at 4°C for 2 to 3 d and then transferred to a plant growth chamber under a 16-h-light/ 8-h-dark cycle (22/20°C). The frequency of fbl17 homozygous mutants in segregating populations was scored from plants cultured on soil. Seeds were stratified on soil at 4°C for 2 to 3 d before being transferred to the greenhouse and kept under a 16-h-light/8-h-dark photoperiod (20/16°C, 70% humidity).
Quantitative RT-PCR
The purification of total RNA from the first pair of leaves of 20-d-old seedlings grown under in vitro conditions was performed using the RNeasy Plant Mini Kit (Qiagen). cDNA was prepared using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time amplification was performed using gene-specific primers and SYBR Green Master Mix (Roche) on a LightCycler LC480 apparatus (Roche) according to the manufacturer's instructions. The mean value of three replicates was normalized using the EXP (AT4G26410) and TIP4.1 (AT4G34270) genes as internal controls. All primers used in quantitative RT-PCR are listed in Supplemental Table 4 .
Ploidy Level Measurement
Nuclear DNA content was measured using the CyStain UV Precise P Kit (Partec) according to the manufacturer's instructions. Nuclei from the first pair of leaves, cotyledon pairs, or the root system of 20-d-old seedlings grown under in vitro conditions were released in nuclei extraction buffer (Partec) by lightly chopping the material with a razor blade, stained with 49,6-diamidino-2-phenylindole buffer, and filtered through a Celltrics 30-mm mesh (Partec). Between 12,000 and 20,000 isolated nuclei were used for each ploidy level measurement using the Attune Cytometer and the Attune Cytometer software (Life Technologies) recording the relative fluorescence intensities. Flow cytometry experiments were repeated at least three times with leaf samples and two times with cotyledon and root samples using independent biological replicates.
Histology and Light Microscopy Analyses
Histochemical GUS staining was performed as described by Capron et al. (2003) . Imaging was performed using the Imager Z-1 microscope (Zeiss) or the Nikon800 microscope. Stomatal index [i.e., stomatal density/ (stomatal density + epidermal cell density)] was scored as described by Baerenfaller et al. (2012) . Imaging of the epidermal imprints was performed using the Imager Z-1 microscope (Zeiss). For leaf area measurements and scoring of primary root length from the root tip to the root/ hypocotyl transition, digital images were captured and processed using ImageJ 1.37 (http://rsbweb.nih.gov/ij/). Cell size measurement was performed on the epidermal imprint images using ImageJ 1.45s (http:// rsbweb.nih.gov/ij/).
Confocal Microscopy Analyses and Image Treatments
All confocal microscopy observations were performed by using the LSM 780 microscope (Zeiss). Roots of seedlings expressing fluorescent reporter constructs grown under in vitro conditions were either directly observed or treated with 100 mM MG132 (Sigma-Aldrich) or 25 mM MLN-4924 (Active BioChem) for 6 h and/or counterstained in a solution of 75 mg/mL propidium iodide (Fluka) when indicated. For H2B-YFP signal imaging in living roots expressing the fluorescent marker, confocal images were taken as a consecutive series along the z-axis using the LSM 780 microscope. For H2B-YFP signal imaging in trichome nuclei, microscope settings were kept the same for image acquisition of each genotype, and YFP fluorescence was quantified by measuring the integrated YFP signal density and subtraction of the background fluorescence using the ImageJ 1.37 software (http://rsbweb.nih.gov/ij/). To score cell death, 12-d-old seedlings grown under in vitro conditions were treated as described by Alassimone et al. (2010) . For EdU incorporation assays, 9-d-old seedlings grown on solid MS medium were transferred into liquid MS medium overnight for acclimatization. At day 10, EdU (Click-iT EdU Imaging Kit; Invitrogen) was added to the medium at a final concentration of 10 mM. After 90 min of incubation in EdU, samples were prepared according to the manufacturer's instructions either directly or 5 and 8 h after reincubation in MS liquid medium without EdU. Prior to confocal imaging, root samples were incubated for counterstaining in Calcofluor solution for at least 1 h at room temperature.
Scanning Electron Microscopy
Fresh plant material (i.e., the first pair of leaves of 20-d-old seedlings grown under in vitro culture conditions for trichomes and adaxial epidermis surface and inflorescence for anthers and stigmas) was used for scanning electron microscopy observations. Images were taken using the Tabletop Microscope TM-1000 (Hitachi).
Protein Extraction and Immunoblotting
Total proteins were extracted from the first pair of leaves of 20-d-old seedlings grown under in vitro conditions using denaturating buffer as described by Büche et al. (2000) . Total protein extracts (10 or 15 mg) were separated on SDS-PAGE gels and blotted onto Immobilon-P membrane (Millipore). Proteins were detected by using anti-KRP2 antibodies (Verkest et al., 2005a ) diluted at 1:1000 (v/v), and Coomassie Brilliant Blue staining was used as a loading control.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative under the following accession numbers: FBL17 (At3g54650), ICK2/KRP2 (At3g50630), ICK6/KRP3 (At5g48820), ICK3/KRP5 (At3g24810), and ICK5/KRP7 (At1g49620).
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